Abstract
Hydrogen has proven its potential as an energy carrier for future electrical devices due 32 to its high energy density and environmentally friendly production possibilities. The rise 33 of the fuel cell powered electrical machines and vehicles is creating a demand for new 34 on-site hydrogen production methods. On the other hand, increased share of renewable 35 energy production based on solar and wind creates a need for chemical energy storage 36 when the energy production and consumption peaks do not coincide. Electrolytic 37 production of hydrogen by splitting water is already commercially utilized but is mainly 38 based on alkaline techniques. Electrolyzers utilizing polymer electrolyte membranes 39 (PEM) are promising alternatives for alkaline electrolyzers, e.g. because of superior 40 hydrogen evolution reaction (HER) kinetics. Thus the former has sparked interest in 41 researching novel materials and methods to enhance the performance and to decrease 42 the price of the electrolysis cell [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . 43 44 Because of its high activity, platinum is widely used as an electrocatalyst for the HER 45 but its relatively low abundance renders it too expensive to be utilized in mass produced 46
devices. This has led to investigation and the introduction of potentially less costly 47 alternatives. Among other materials different sizes and shapes of molybdenum sulphide 48 particles and films have been studied during the last two decades [12] [13] [14] [15] [16] [17] [18] underlying HER mechanism has not been investigated in detail. Therefore, in this 65 research the electrocatalytic activity of Mo2C/C nanoparticles towards the HER was 66
analyzed in an electrochemical cell at various pHs to gain understanding of the reaction 67 mechanism. In addition to the Tafel slope analysis, impedance spectroscopy was used to 68 investigate the kinetic of the HER. Finally, to show the potential of the investigated 69 Mo was subjected to the same treatment but using temperature of 870 ºC to guarantee 91 the formation of only Mo2C phases. In stage (iv) the formed molybdenum carbide 92 particles were passivated with pulses of air/helium mixture to form a stable product by 93 oxidation of a really fine superficial layer (less than 4 nm) of the carbide support in 94 order to avoid bulk oxidation when the particles are exposed to air. This synthesis 95 yielded carbon supported molybdenum carbide nanoparticles. The catalysts 96 nomenclature and their main characteristics are summarized in Table 1 . with a charge transfer process containing parallel double layer capacitance (Cdl) and 314 charge transfer resistance (Rct). The Nyquist plot of the measured data (Fig. 3b) was 315 fitted to this model circuit, using a constant phase element instead of Cdl to better mimic 316 a real system, which yielded values for Rs and Rct with acceptable error estimates (Table  317 2). Rs was slightly less than 5 Ohm while Rct continuously decreases with the increasing 318 
332
The reaction mechanism of the HER was also investigated by analyzing the rate of the 333 reaction at various pHs. According to the derivation of the reaction rates (see 334
Supporting Information) the slope of log i vs. pH is around 2 for both the mechanisms at 335 low overpotentials but at high overpotentials the slope is 1 or 0 for the the Volmer-336
Heyrovský or Volmer-Tafel mechanism, respectively. 337
338
The currents at the high pHs of 2.3 -7.0 (Fig. 4a) showed very little dependency on the 339 proton concentration but there is a significant change in the behavior at pH 2 340 corresponding to the value where sulfate ion is protonated. At pH 2 and lower (Fig. 4b)  341 there is an evident dependency of the proton concentration on the HER current. The 342 background current (Fig. S4) significantly increases while the pH decreases and 343 approaches pH 2 but immediately disappears after that point. The background current 344 originates from the reaction of sulfate ion with protons to form sulfur dioxide and water. 345
The formed sulfur dioxide is observed as bubble formation on the electrode surface. 346
When the sulfate ion is protonated at pH 2 the reaction is inhibited to an insignificant 347 level. When the background corrected logarithm of the electrolysis current is plotted as 348 a function of pH, linear dependency is observed in the pH range 0.11 to 0.66 (Fig. S5) . 349
Our results show slope of 2 at low overpotentials for both the mechanisms with 350 overpotentials up to 50 mV in the pH range 0.11 -0.66 ( Change in the behavior of the Tafel slopes at the low pHs can also be readily 373 observed (Fig. 6) . First, the HER is activated at overpotentials lower than 100 mV 374 and a second change is around an overpotential of 150 mV. The values of the Tafel 375 slopes (Table 3) The long term measurements at a constant potential of 0.8 V and at the temperature of 441 30 °C were performed in one week periods so that the whole duration of the experiment 442 was four weeks. A potential scan was measured after each week to observe any 443 difference in the polarization curves. During the first week the constant potential 444 measurement shows some activation during the first days but is relatively stable from 445 there onwards (Fig. 8a) . The short period of downtime and a potential sweep seems to 446 result in a temporal activation of the cell which can be seen in higher currents at the 447 beginning of the weeks 2-4. The current densities stabilize to the level of 56-58 mA·cm -448 2 , though slight variation can be seen at the end of the measurement weeks. The scans 449 performed before the first week and after each week (Fig. 8b) 
